Reported here is a face-capped Fe(II) molecular tetrahedron, [Fe 4 L 4 ](BF 4 ) 8 , 1. Single crystal X-ray diffraction at 153 and 293 K suggest spin crossover (SCO) and variable temperature magnetic susceptibility measurements confirm 1 displays thermally driven SCO behaviour in the solid state and in dilute acetone solution centred around 284-288 K.
The synthesis of molecular cages through self-assembly has produced an impressive variety of species, many of which are capable of encapsulating guest molecules within their internal cavities. 1 Taking advantage of this host-guest behaviour has allowed these capsules to catalyse reactions, 2 protect otherwise unstable molecules 3 and selectively bind guests within their cavities. 4 Some of the best studied examples are the tetrahedral molecular cages. 5 These are typically of the form [M 4 L 6 ] 6 or [M 4 L 4 ] 7 where the ligands, L, form the edges or faces, respectively, of the tetrahedron. Impressive as these examples are, to date, none have demonstrated the ability to SCO under the influence of an external perturbation.
The remarkable host-guest properties of molecular cages inspired us to explore the possibility of incorporating Fe(II) SCO centres into these nano-capsules. Materials displaying SCO behaviour continue to be intensively studied due to their potential use as the active components within memory, display and sensing devices. 8 SCO in Fe(II) complexes with octahedral geometry is particularly obvious as it transforms a diamagnetic low-spin state (S = 0) to a paramagnetic high-spin state (S = 2) with striking parallel change in colour and notable expansion of the Fe(II) coordination sphere. SCO has been observed in a wide range of discrete complexes, 9 polymeric and network species. 10 Variation of the ligands or constituents within the crystal lattice in these systems can significantly affect the magnetic properties allowing SCO behaviour to be tuned. 11 Despite the fascinating link between host-guest and SCO behaviour, the synthesis of a SCO nano-capsule capable of binding guests is so far limited to one example. 12 An impressive 'nano-ball' shows partial SCO in the solid state and has a large 3 nm cavity filled by solvent molecules. These guest molecules can be removed reversibly to alter the magnetic properties of the complex. Here we report the assembly of a nano-scale molecular spin-switching tetrahedron [Fe 4 L 4 ] 8+ , which shows a striking magnetic response to a range of external stimuli, including temperature and solvent molecules. Of particular note is the abrupt cooperative SCO observed in dilute acetone solution.
To create a SCO tetrahedral cage we combined, in MeCN solution, Fe(BF 4 ) 2 with the ligand sub-components: 2,4,6-tris(4-aminophenoxy)triazine and 2-imidazolecarboxaldehyde in 4 : 4 : 12 stoichiometry, respectively. Ligand self-assembly about Fe(II) centres form the pseudo-C 3 -symmetric tris-imine ligand, L, capable of occupying the faces of the resultant [Fe 4 L 4 ] 8+ tetrahedron ( Fig. S1 -S3, ESI †). We have previously shown that imino-imidazole type ligands provide the appropriate ligand field strength about Fe(II) to allow SCO. 13 When all the reactants were combined, the MeCN solution became dark red in colour which, following the slow diffusion of benzene over several days, produced large deep red rod-like crystals.
Mass spectrometry of these crystals re-dissolved in acetone solution revealed a series of peaks of various charges that may be assigned to {[Fe 4 L 4 ] n+ [BF 4 ] À } (n = 4-7) species. It is evident that the charged species are generated by the loss of seven [BF 4 ] À ions (with the retention of one [BF 4 ] À ion) and the subsequent removal of 1, 2, 3 or 4 imidazole H-atoms to give +6, +5, +4 and +3 charged species, respectively ( Fig. S4 and S5, ESI †). Notable from these data is the persistent presence of one [BF 4 ] À ion, which we suspect is located within the tetrahedron's cavity. The 19 F NMR spectrum at 298 K shows two different locations for the [BF 4 ] À ions, with the signals at À147 and À157 ppm assigned to 'free' and encapsulated [BF 4 ] À ions, respectively ( Fig. S6 , ESI †). 14 The 1 H NMR spectrum showed pronounced peak broadening and shifting at 298 K consistent with paramagnetic Fe(II) ( Fig. S7 , ESI †). 15 Single crystal X-ray diffraction at 153 K confirmed the formation of [Fe 4 L 4 ] 8+ (Fig. 1 ). The structure of {[Fe 4 L 4 ](BF 4 ) 8 Á14.75MeCNÁ 4.5C 6 H 6 Á3H 2 O}, 1, was refined in the monoclinic space group C2/c (Table S1, ESI †). As anticipated, the four ligands, L, occupy the faces of the [Fe 4 L 4 ] 8+ tetrahedron, with coordination of three imino-imidazole functionalities about each of the four Fe(II) centres, which occupy the vertices of the tetrahedron. The three ligand arms radiate from the central triazine ring such that in a given tetrahedron they all either twist to the left (as shown in Fig. 1 ) or to the right (in an adjacent complex). A given tetrahedron is either of D,D,D,D or L,L,L,L chirality at the Fe(II) centres, with adjacent tetrahedra being of opposite chirality. There are two crystallographically distinct Fe(II) centres within the tetrahedron. Inspection of the Fe-N bond distances for Fe1 (1.952(5)-2.013(5) Å) and for Fe2 (1.942(6)-2.017(6) Å), indicates that they are similar and that all Fe(II) centres are in their low spin state at 153 K. The average Fe-Fe separation within the tetrahedron is 14.16 Å and the internal cavity volume is 106 Å 3 (Fig. S8 , ESI †). 16 This volume is smaller than that observed for other tetrahedra with similar metal-metal distances when the ligands form the edges of the tetrahedron [M 4 L 6 ] (ca. 141 Å 3 ) 6 or face-capped tetrahedra featuring rigid ligands [M 4 L 4 ] (ca. 229 Å 3 ). 7 This smaller volume is probably due to the twisting of the flexible arms of the ligand resulting in the phenyl rings being directed into the cavity and thus reducing its volume.
Located at the centre of the cavity is one [BF 4 ] À ion. Each fluorine atom is directed towards the centre of a triazine ring on the face of the tetrahedron with FÁ Á Ácentre-of-ring distances of ca. 3.0 Å indicative of strong interaction. 17 Indeed, these FÁ Á Áp interactions may template the self-assembly of the cage. The remaining seven [BF4] À anions are decorated around the imidazole head groups on the periphery of the cage. These anions act as hydrogen bond acceptors for the imidazole N-H donors, and lead to the formation of an extensive hydrogen bonded network throughout the crystal lattice allowing each cage to interact with ten neighbouring cages.
Despite the instability of crystals of 1 due to solvent loss (Fig. S9, ESI †) , a diffraction dataset on a single crystal of 1 sealed within a capillary tube was also collected at 293 K (Table S1, ESI †). While the data collected was extremely weak, it was of sufficient quality to allow determination of the structure and to again identify the tetrahedral cage with associated [BF 4 ] À ions and solvent molecules. The data were solved within the same crystal system although the unit cell parameters all increase significantly with the most striking changes in the c-edge length, which has increased by B7% (viz. 37.854(3)-40.415(5) Å) and the b-angle which opens up by B3% (viz. 123.814(9)-127. 15 (2)1). The combination of these changes results in a B5% increase in the cell volume, which is consistent with partial SCO of the complex. 15 Most notably; the cavity volume has increased by 7.5%. The Fe-N bond distances also support the onset of SCO in 1. While the Fe-N imidazole bond lengths for Fe1 remain almost constant the Fe-N imine bond lengths increase (average increases from 2.002 Å to 2.076 Å), as do each of the Fe-N bond distances around Fe2 (average Fe-N increase from 1.979 Å to 2.062 Å, Table S2 , ESI †).
To further study the SCO behaviour of 1, dc magnetic susceptibility measurements were performed. Only data below 290 K are reported for the freshly isolated sample of 1 (black open dots, Fig. 2 ) as above this temperature, solvent loss is evident on the magnetic susceptibility in agreement with TGA data (Fig. S9, ESI †) . At 290 K, the wT product is 7.4 cm 3 K mol À1 , which is lower than the expected value for four S = 2 high spin Fe(II) ions (C = 12-13 cm 3 K mol À1 with g = 2.0-2.1), suggesting that the cage is B60% high-spin at this temperature. The wT product gradually decreases as the sample is cooled and the SCO is complete at B120 K leading to a complete low-spin state for the cage with a small residual paramagnetic signal (at 60 K: 0.15 cm 3 K mol À1 ) observed. Modelling the wT vs. T data of 1 using the ideal solution model produced a best fit with the following parameters: DH = 14.1 kJ mol À1 ; T 1/2 = 284 K; DS = 50.3 J K À1 mol À1 . 18 Quite remarkably, when 1 is diluted in acetone, the SCO properties probed by magnetic susceptibility are clearly retained. As shown in Fig. 2 (blue squares) , the wT product of this solution is 10.1 cm 3 K mol À1 at 300 K and exhibits a complete low-spin state below 220 K. The ideal solution model is also able to reproduce the experimental data with a slightly higher T 1/2 , 288 K, and significantly larger thermodynamic parameters than in solid state: DH = 57.4 kJ mol À1 and DS = 199 J K À1 mol À1 (Fig. 2) . 18 This result is probably caused by the higher symmetry of the tetrahedron in solution and thus a more degenerate paramagnetic state. 19 Fig. 1 Crystal structure of 1 at 153 K, showing the encapsulated [BF 4 ] À anion in space-filling mode. All hydrogen atoms, solvent molecules and lattice anions have been removed for clarity. Fig. 2 wT vs. T data for 1 (with w defined as molar magnetic susceptibility and equal to M/H per tetrahedron) in solvated crystals of 1 (open and full black dots, before and after white light irradiation respectively; inset: expanded view of the low temperature region below 80 K). After drying 1 at 100 1C during 24 h (red dots) and in a diluted acetone solution (full and open blue squares in cooling and heating modes respectively) at ca. 0.4 K min À1 and 1 T; solid lines are fits to the ideal solution model. 18 The SCO of 1 in solution was further probed through variable temperature UV-Vis spectroscopy ( Fig. 3 and Fig. S14 , ESI †). Indicative changes within the UV-Vis spectra on decreasing temperature (+27 to À108 1C), are the increase in intensity of characteristic broad absorption MLCT bands at 502 nm and 545 nm (t 2p*) and the decrease in the intra-ligand band at 335 nm (pp*), in line with the formation of the low spin state at lower temperature.
The magnetic susceptibility of a dried sample of 1 was also measured allowing measurements up to 400 K (red trace, Fig. 2 ). The wT product at 400 K is 12.4 cm 3 K mol À1 , however the shape of the wT curve suggests the cage is not quite in its complete high-spin state even at this elevated temperature. As the temperature is lowered the wT product again gradually decreases before reaching a plateau at B60 K. The wT product at 60 K is 3.08 cm 3 K mol À1 suggesting that one Fe(II) centre remains in the high-spin state. Below 10 K the decrease in the wT product is due to the well-known zero field splitting of the HS Fe(II) centre. Fitting of wT vs. T data for the dried sample using the same model 18 as above was not possible, probably due to the different thermal SCO behaviour of the individual Fe(II) centres.
Optical reflectivity and photomagnetic properties of 1 were also investigated ( Fig. S10-S13 , ESI †). Both types of measurements revealed a weak photo-sensitivity of the compound. At 10 K, a small photomagnetic effect under white-light irradiation of 2 mW cm À2 is detected as shown by the wT product that increases from 0.13 to around 0.46 cm 3 K mol À1 after 17 hours ( Fig. 2 and Fig. S13, ESI †) . Increasing the temperature at 0.4 K min À1 , the photo-induced highspin species relax to their thermodynamic low-spin state around 60 K. The photo-induced high-spin species are probably located in a small volume of sample close to its surface. Attempts to access to the fully high-spin state of 1 at 10 K using irradiation at different wavelengths and powers were unsuccessful.
In conclusion, 1 represents the first example of a molecular tetrahedron showing SCO behaviour in the solid state and strikingly in dilute solution. These initial results highlight the potential of guest occupied molecular cages as SCO materials and suggest that many of the previously reported molecular cages could be converted to show SCO behaviour. Tuning of the SCO should be possible through careful manipulation of the central ligand, the coordinating group and the guest molecule. Studies on the effect of the guest molecule are of particular interest due to the potential to create a guest induced SCO material. As such an investigation into the host-guest behaviour of 1 is underway, the results of which will be published in due course. These results also potentially augur well for the controlled capture and release of encapsulated guests under the influence of external stimuli that switch SCO (e.g. T, light, pressure etc.). These goals form the basis of our ongoing research. This work was supported by the Marsden Fund, the CNRS, the University of Bordeaux, the Conseil Régional d'Aquitaine (GIS Advanced Materials in Aquitaine/COMET Project), and Erasmus Mundus ECW Program PhD fellowships to D.S. and D.M.
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